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Abstract—Dry Microwave Imaging (MWI) systems are more
practical, hygienic and fast to operate since they do not require
immersion liquid. However, the dielectric contrast between air
and the part of the body under examination is larger, causing
larger refraction effects. Including refraction in the image re-
construction algorithm significantly increases the computational
effort, especially when imaging non-uniform shapes. Hence, our
systematic study aims to evaluate the impact of neglecting
refraction effects on MWI by using quantitative metrics and
define objective guidelines that are lacking in the literature.
We perform comparative studies with a spherical numerical
phantom (which is typically used to represent simplified breast
or head phantoms) by varying the phantom relative permittivity
values between 4 and 40, metallic targets diameter between 5
and 15 mm, and the number of probing antennas. Additionally,
the refraction effects are evaluated with anthropomorphic body
phantoms representing a breast and the axillary region. We
numerically and experimentally show that refraction tends to
have greater impact on imaging results when phantom relative
permittivity values exceed 8, while it has a minor effect in
the remaining tested cases. This favours potential fast real-time
image reconstruction. This study provides useful criteria to decide
whether refraction should be considered or not for imaging
reconstruction when developing new dry medical MWI setups.
Index Terms—Dry microwave imaging setup, medical mi-
crowave imaging, refraction, ultrawide-band radar.
I. INTRODUCTION
RECENT medical Microwave Imaging (MWI) studieshave presented the use of dry imaging prototypes where
the antennas are placed a few centimetres away from the skin
in air [1]–[6]. Dry and contactless setups prevent hygiene-
related issues and are easier to maintain compared to setups
that use coupling medium, at a cost of larger skin backscatter
response. Yet, it has been recently demonstrated that the
response of breast tumours is not significantly affected by the
increased air/skin reflection [1]. Due to the dielectric contrast
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tuto Superior Técnico, Universidade de Lisboa, Lisbon, Portugal (e-mail:
joao.felicio@lx.it.pt).
Carlos A. Fernandes is with Instituto de Telecomunicações, Insti-
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in the air/body interface, the rays change their direction of
propagation. Some authors have presented algorithms with
refraction calculation validated in regular shapes [7], [8], but
the impact in terms of image improvement and computational
time added when refraction is calculated has not been assessed.
Nevertheless, most medical dry MWI setups still assume direct
path ray propagation and no one has yet quantified the impact
this assumption may have on resulting images. The computa-
tion of the refracted rays can be computationally heavy and
time consuming, especially when imaging irregular body parts,
which hinder real-time image reconstruction. As a result, it is
relevant to determine the conditions where refraction does not
substantially improve the imaging results so that refraction can
be discarded when reconstructing microwave medical images.
Recently, we presented a preliminary study [9] using a
spherical breast phantom with relative permittivity of 8 and,
qualitatively, we did not observe a significant improvement
when including refraction to imaging results. In this paper,
we substantially extend our study with the spherical breast
phantom, analysing the influence of three parameters which
may influence the impact of refraction: relative permittivity of
the phantom, targets size, and number of probing antennas.
Moreover, we evaluate the refraction effects in more realistic-
shaped body parts (breast and axillary region) in simulated
and experimental data, in order to assess whether the body
shape influences the impact of refraction effects. Finally, we
provide criteria which can be used by other researchers to
decide whether refraction calculation can be avoided with no
impact on image quality, while potentially allowing a faster
and less computationally intensive computation.
II. IMAGE RECONSTRUCTION ALGORITHM
The imaging algorithm is based on wave migration [9], [10].
It receives as inputs both the signal recorded by each antenna
(saa) and the distances from each voxel to the antenna. The
only difference in the algorithm when refraction is and is
not considered is in the distances calculation. These distances
correspond to the Euclidean distances travelled in air between
antenna a and entry point on the phantom i (dai) and in the
dielectric between interface point i and voxel v (div) (Fig. 1a).
When refraction is disregarded, the entry point on the
phantom is calculated as the intersection point on the phan-
tom surface assuming straight ray path; this is the common
procedure reported in the literature. When refraction is con-
sidered, the entry point is calculated assuming the directions
of the incident and refracted ray as defined by Snell’s law:
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Fig. 1. Schematics for refraction calculation with (a,b) analytical form and
(c) ray tracing algorithm. The distances travelled in air (white background)
and in dielectric (grey background) when refraction is not considered are dai







× N̂ = 0, where î, t̂ and N̂ are unitary vectors
in the direction of the incident ray, of the refracted ray
and normal to the surface, respectively (Fig. 1b). Since the
computation of the normal vector is not always analytically
possible depending on the shape of the body, we considered
two methods to calculate the refracted ray:
1) Analytical form: For a spherical surface, the N̂ vector
is easily determined. In this case, Snell’s law returns a single
analytical solution for the entry point coordinates in the sphere,
after excluding imaginary or physically impossible solutions.
2) Ray tracing algorithm: For irregular shapes, refraction
is computed locally following the ray paths (Fig. 1c). Given
a 2D contour of the phantom and the coordinates of a given
antenna as origin, several incident rays are traced towards the
body. The direction of the refracted rays are locally calculated
with Snell’s law at the intersection point between each incident
ray and the phantom, assuming ndiel. The distances dai and
div are calculated from the rays that intersect each voxel, v.
When multiple refracted rays intersect a voxel v for the same
antenna position, the intensity of the voxel is calculated as the
contribution of the shortest ray path.
A. Performance metrics
The refraction effects in the reconstructed images are eval-
uated comparing common metrics used to assess the quality
of target detection: Signal-to-Clutter Ratio (SCR), Full Width
Half Maximum (FWHM) and Location Error (LE). Two other
metrics are used to evaluate how refraction computation affects
the images: Maximum Magnitude Ratio (MMR) and Distance
Error (DE). We consider the SCR threshold to classify as
a positive detection as 1.5 dB [11]. FWHM and LE are
acceptable if they result in imaged dimensions comparable
to actual targets dimensions. MMR is the ratio between the
Maximum Magnitude (MM) of the image where refraction is
not considered and the MM of the corresponding image when
refraction is considered. MMR equal to 1 means there is no
change in magnitude between the images. DE is the average
difference between the full electrical distance (dai +ndieldiv)
between each antenna position a and each voxel v when
considering or not considering refraction. DE can be compared
to the theoretical range resolution of the imaging system
∆d = c4ndiel∆f where ∆f is the frequency bandwidth.
III. EVALUATION OF REFRACTION IN REGULAR SHAPES
This section describes the numerical setup used to evaluate
the refraction effects using a regular shape: a simplified spher-
ical phantom. All elements were simulated using Computer
Simulation Technology (CST) Microwave Studio software
[12]. The refracted rays paths were computed analytically.
A. Numerical setup
As a simplified version of the body part (which could
represent the breast or the head) we considered a 50 mm radius
homogeneous dielectric sphere with a complex permittivity
of εc = εr − j0.1εr. Two PEC spheres with radius rt were
used as targets and embedded in the phantom at coordinates
(x, y, z) = (−10, 30, 0) and (20,−20, 0) mm, respectively.
We simulated a monostatic system based on a planar slot-
based single-layer printed antenna formed by two crossed
exponential slots (in short, XETS) [13]. It is impedance-
matched from 2 to 6 GHz [9], covering the frequency band
commonly used for medical MWI applications [1], [14]. The
XETS swept the spherical phantom across an 80 mm radius
circumference (i.e. 30 mm away from the sphere surface)
contained in the plane z = 0 mm in a total of Na positions,




B. Analysis of refraction in imaging results
In the following sub-sections, we discuss the influence of the
refraction effects on the imaging results for variations of three
parameters: average relative permittivity of the phantom (εr =
4, 8, 20, 40), targets radius (rt = 2.5, 5, 7.5 mm), and number
of antennas (Na = 8, 12, 16). The average relative permittivity
values are chosen to represent a fatty breast (εr = 4 or 8)
and head tissues (εr = 40), and an intermediate value (εr =
20). Analytical calculations in the spherical breast scenario
showed that the inclusion of refraction increased the image
reconstruction time about 84-fold. Due to space constraints,
we only present the most representative images obtained for a
subset of the tests, but conclusions are drawn from all results.
1) Relative permittivity: Fig. 2 summarises the resulting
metrics calculated for all considered average relative permittiv-
ity values (with fixed rt = 5 mm and Na = 16). As illustrated
in Fig. 3(a,b), for low permittivity values (εr = 4) refrac-
tion calculation may be discarded, as the target is detected
correctly in both cases. MMR is lower than 1, thus showing
better energy focusing, but SCR is comparable between when
refraction is or is not considered, as shown in Fig. 2. Both
FWHM and LE are within the targets size (10 mm diameter)
and do not change substantially when refraction is considered.
Similar behaviour is observed when εr = 8. The images when
refraction is or is not considered are also visually similar.
When εr increases, refraction calculation becomes more
relevant and should be considered in image reconstruction. We
observe in Fig. 3(c,d) that, for εr = 40, the image is better
focused when we consider refraction, which results in MMR
lower than 0.5. Additionally, SCR indicates that the targets
detection is only possible when refraction is considered. More-
over, FWHM increases when considering refraction, which is









































Fig. 2. Performance metrics varying the relative permittivity value (εr =
4, 8, 20, 40) of the spherical phantom (rt = 5 mm and Na = 16).
























































Fig. 3. Reconstructed images in xy-plane of spherical phantom with (a,b)
εr = 4 and (c,d) εr = 40 when (a,c) not considering and (b,d) considering
refraction. The red dashed circles represent the targets true location and size.
a result of the focusing. LE decreases when considering refrac-
tion, with both targets detected correctly. Using a phantom of
εr = 20, FWHM and LE behaviour is similar when refraction
is considered which indicates that targets are focused and
detected in the correct location. However, low SCR, even when
refraction is considered, is explained by high levels of clutter,
which means the identification of the targets is not reliable.
DE is 3.1, 11.9, 23.7 and 38.9 mm for εr = 4, 8, 20
and 40, respectively. These values illustrate a large difference
in the computation of distances when refraction is or is not
considered for higher εr. Moreover, the range resolution ∆d
is 9.4, 6.6, 4.2 and 3.0 mm for εr = 4, 8, 20 and 40,
respectively. DE is not substantially higher than ∆d for lower
εr, which corroborates refraction might be disregarded in these
conditions. For higher εr, the computation of refraction has a
clear impact on imaging results and needs to be computed.
2) Targets size: The results hereby discussed were obtained
using only εr = 4 and 40, and Na = 16. We assumed two
additional target sizes of 2.5 and 7.5 mm in radius.
As shown in Fig. 4, the impact of computing refraction on
SCR and FWHM is negligible, regardless the size of the targets
embedded in the phantom, for both εr. LE behaviour only
changes for a particular test where εr = 40 and rt = 7.5 mm.
In this test, LE is within the size of the targets whether
refraction is or is not considered. Nonetheless, refraction is
relevant to ensure the target is detected with high SCR and a
FWHM within the targets dimensions. Targets size does not
affect DE. These results are relevant, as they demonstrate that
the influence of refraction on the targets detection in both low
and high relative permittivity media is independent of targets
size, which is unknown in most cases.
3) Number of antennas: The results discussed in this point
were obtained using εr = 4 and 40 and rt = 5 mm, and
are presented in Fig. 5. We assumed three different sets
of antennas for comparison: Na = 8, 12 and 16. When
No Refraction Refraction
Fig. 4. Performance metrics varying the targets radius (rt = 2.5, 5, 7.5)
embedded in the spherical phantom (εr = 4, 40 and Na = 16).
No Refraction Refraction
Fig. 5. Performance metrics varying the number of antennas used to obtain
the images (Na = 8, 12, 16) of the phantom (εr = 4, 40 and rt = 5 mm).
εr = 4, refraction does not impact imaging results regardless
the number of antennas used. When εr = 40, refraction is
important to improve imaging results for both Na = 16 and
12. SCR increases in both cases when refraction is considered
which results in a SCR higher than 1.5 dB. For lower Na, the
targets are not detected whether refraction is considered or not.
We demonstrate that the targets detection in an image is very
sensitive to the number of antennas and their positioning, in
particular a too low number of antennas fails to result in the
correct targets detection. Varying Na also does not affect DE.
In summary, refraction effects are important to be con-
sidered in high permittivity media regardless of targets size.
Furthermore, our results corroborate that one should use the
largest number of antennas as possible around the phantom, to
ensure better focusing of the image. Refraction computation
does not substantially improve the imaging results when a
low number of antennas is used. In situations of low average
permittivity within the phantom, independently of the targets
size and number of antennas used, the improvement of imaging
results when considering refraction are not significant enough
to justify the associated increase of computational cost.
IV. VALIDATION WITH ANTHROPOMORPHIC PHANTOMS
In this section, we present the validation of previous results
with realistic-shaped phantoms. To this end, we use the ray
tracing algorithm described in section II. Refraction effects are
studied in monostatic setups with a breast phantom simulated
using CST and an axillary region phantom using an experi-
mental prototype (Fig. 6). While the breast is mostly convex,
the axillary region has both concave and convex surfaces. The
computational time when including refraction with the ray
tracing algorithm, increased by 10 to 131-fold, according to
the shape complexity and the size of the imaged region. Fig.
7 summarises the performance metrics with both setups.
A. Anthropomorphic breast phantom
We considered a Magnetic Resonance Imaging-derived
breast phantom from the University of Wisconsin-Madison
repository (ID: 062204) [15] with a homogeneous medium of
εr = 8 and loss tangent of 0.1. A PEC target was embedded
in the phantom at coordinates (x, y, z) = (25, 0,−30) mm.
The XETS swept the breast in the y = 0 mm plane with a
radius of 80 mm from the phantom centre in 7 equally-spaced
positions (angular step of 30◦), as shown in Fig. 6a.
Fig. 8 shows the imaging results of an axial plane of
the breast, with antenna positions marked in magenta. DE is
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Fig. 6. (a) Numerical setup of the anthropomorphic breast and experimental















































































Fig. 7. Performance metrics with anthropomorphic phantoms.
7.9 mm which is slightly higher than ∆d (6.6 mm). MMR is
1, and SCR and FWHM decrease when considering refraction.
However, Fig. 8 shows no relevant artefacts in the resulting
image with refraction outside the region of the target. Lastly,
the target is correctly detected, with LE within the target
dimensions in both cases. Thus, our results indicate there is
no clear advantage of considering refraction when imaging a
realistic breast phantom with the current characteristics, which
agrees with the results presented for the spherical phantom.
B. Anthropomorphic axillary region phantom
The axillary region phantom is a 3D-printed model seg-
mented from a Computed Tomography image (Fig. 6b-c). It
comprises a cavity where a 3D-printed model of an Axillary
Lymph Node (ALN) - an ellipsoid with 20×13×11 mm3 - was
placed in two different positions in different experimental tests.
Both axillary region and ALN phantoms were filled with liquid
mixtures [16] in order to mimic the dielectric properties of fat
and ALNs, respectively. At 4 GHz, the dielectric properties
were εr = 4 and 55 and σ = 0.01 and 3.5 S/m for fat
and ALN tissues, respectively. A Vivaldi antenna (presented
in [17]) was swept in a total of 9 positions (angular step of
10◦) in the same xy-plane as the target. The full description
of this setup is provided in [18]. The same frequency band
(2-6 GHz) was considered for image reconstruction.
Fig. 9 shows the imaging results of two targets placed in
different xy-planes of the axillary phantom, which correspond
to axial planes of the body. The results in both planes are
similar, even though the axillary region profile is quite different
between these planes. The target is correctly detected whether
refraction is or is not considered. DE is 6.2 and 12.1 mm
for test 1 and 2, respectively, which are in same order of
magnitude of ∆d (9.4 mm). Both LE and FWHM are within
the target dimensions in all cases. SCR and FWHM decrease
when refraction is considered and MMR is close to 1 in test
1. Nonetheless, the target detection is still satisfactory, and no
relevant artefacts are visually observed. In test 2, no substantial
differences are observed whether refraction is considered or
not. Despite the complex shape of both considered planes, the
refraction effects on the imaging results are negligible.
Plane y=0 mm





















































Fig. 8. Reconstructed images in xz-plane of realistic breast phantom with
εr = 8 when (a) not considering and (b) considering refraction. The red
dashed circle represents the true location and size of the target, and the
magenta points represent the antenna positions surrounding the breast.
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Fig. 9. Reconstructed images in xy-plane of test 1 (a,b) and test 2 (c,d) using
an axillary region phantom when (a,c) not considering and (b,d) considering
refraction. The red dashed circle represents the true location and size of the
target, the white dashed contour represents the region where the lymph nodes
are likely to be located and the magenta points represent the antenna positions.
V. CONCLUSION
The study aimed to assess the importance of considering
refraction in MWI image reconstruction algorithms, which
increases computational time, especially using dry setups
where the absence of a contact liquid enhances refraction.
The study was based on full wave simulations, as well as
experimental measurements. We used a spherical dielectric as
an idealised model of a body part like the breast or the head, as
well as anthropomorphic models of the breast and the axillary
region. The first model allowed studying the effect of different
values of the phantom average permittivity, targets size and
number of antennas, while the latter, with all the influence
of a complex body shape and a real setup in the case of
the axillary region model, allowed validating the conclusions
with realistic data. Conclusions of the high permittivity of the
body were also validated with a simulated anthropomorphic
model of the head with εr = 40 (data not shown due to space
constraints). The study assessment used performance metrics
as MMR, SCR, and LE.
We demonstrated that it is acceptable to discard refraction
for low to moderate values of average εr of the body (εr ≤ 8):
it may reduce MMR but it does not affect significantly the
image quality, yielding high SCR and low LE. Conversely,
for εr > 8 (e.g. MWI for head imaging), imaging results
may deteriorate, causing clutter and artefacts. These effects
aggravate as the number of antennas is reduced. We observed
that targets size does not influence the impact of refraction.
The described variety of factors considered in the study,
including the simulated and experimental validation for very
irregular shapes where refraction is enhanced, ensures that the
above conclusions can be generally considered. The above
guidelines shall be used for researchers to decide when to
invest computational time on the evaluation of refraction paths
instead of straight paths, especially using dry setups.
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